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Prolonged cold exposure stimulates the formation of brown-
like adipocytes expressing UCP1 (uncoupling-protein-1) in sub-
cutaneous white adipose tissue which, together with classical
brown adipose tissue, contributes to maintaining body temper-
ature in mammals through nonshivering thermogenesis. The
mechanisms that regulate the formation of these cells, alterna-
tively called beige or brite adipocytes, are incompletely under-
stood. Here we report that mice lacking CD137, a cell surface
protein used in several studies as a marker for beige adipocytes,
showed elevated levels of thermogenic markers, including
UCP1, increased numbers of beige adipocyte precursors, and
expanded UCP1-expressing cell clusters in inguinal white adi-
pose tissue after chronic cold exposure. CD137 knockout mice
also showed enhanced cold resistance. These results indicate
that CD137 functions as a negative regulator of “browning” in
white adipose tissue and call into question the use of this protein
as a functional marker for beige adipocytes.

Prolonged exposure to cold temperatures induces the
appearance of multilocular cells with thermogenic capacity in
subcutaneous depots of white adipose tissue (WAT).4 These
cells, referred to as either brite (1) or beige (19) adipocytes (the
latter will be used here), express functional UCP1 (2) and,
together with classic brown adipocytes, contribute to resistance
to cold exposure in mammals. There is great interest in under-
standing the mechanisms that give rise to beige adipocytes, a
process generally referred to as browning, and regulate their
function as a means to develop strategies to increase energy
expenditure in obesity and other metabolic conditions (3).

The mechanisms that regulate the formation of beige adi-
pocytes, whether de novo from dedicated beige cell precursors
or through transdifferentiation of existing white adipocytes,
have been highly debated. There is compelling evidence sup-
porting either mechanism, suggesting that both can contribute
to beige fat biogenesis under different circumstances (4, 5). Cell
sorting and in vitro experiments support the existence of beige
adipocyte precursors in the stromal vascular fraction (SVF) of
inguinal WAT (iWAT) (6, 7). On the other hand, it has been
observed that in mice that have been exposed to cold, beige
adipocytes adopt a white-like unilocular phenotype upon
return to warm temperatures (8). Intriguingly, these adipocytes
appear to be primed to adopt a thermogenic, beigelike pheno-
type when the mice are again exposed to cold (8), suggesting a
possible mechanism of white to beige adipocyte conversion.
Thus, mechanisms of browning could depend on whether mice
have been exposed previously to cold temperatures, which
would favor formation of beige adipocytes from memory cells
of white appearance, or not, in which case beige adipocytes may
be generated de novo (4).

Much of recent research on the generation and physiology of
beige adipocytes has been based on the identification or utiliza-
tion of markers specifically expressed by these cells. The trans-
membrane protein CD137, also referred to as Tnfrsf9 and
4 –1BB, is one such molecule. CD137 is a member of the TNF
receptor superfamily, initially characterized as an immuno-
regulatory molecule on the surface of activated leukocytes, par-
ticularly T cells and natural killer cells (9, 10). Chondrocytes
and endothelial cells have also been shown to express CD137
upon stimulation by inflammatory cytokines. The CD137
ligand (CD137L) is a type II transmembrane protein expressed
on antigen-presenting cells and is capable of reverse signaling
upon interaction with CD137 presented on the surface of
nearby cells (9, 10). CD137 was identified as a marker of beige
adipocyte precursors and mature beige adipocytes in microar-
ray screens of immortalized cell lines derived from iWAT of a
strain of obesity-resistant Sv129 mice (6). However, subsequent
studies have had mixed success in validating CD137 as a specific
marker for beige adipocytes (8, 11–13). Moreover, the vast
majority of studies have used CD137 mRNA, not the protein, as
a marker for WAT browning or beige adipocytes and their pre-
cursors. Importantly, the function of CD137 in beige adipose
tissue, if any, is totally unknown.

This work was supported by Singapore National Medical Research Council
Grants NMRC/CBRG/0107/2016 (to C. F. I.) and NMRC/BnB/018b/2015 (to
H. S.), National University of Singapore Aspiration Fund Partner (to C. F. I.),
and Swedish Research Council (Vetenskapsrådet) Grant 2016-01538 (to
C. F. I.). The authors declare that they have no conflicts of interest with the
contents of this article.

This article contains Tables S1 and S2.
1 Present address: Indira Gandhi National Tribal University, Amarkantak, India.
2 These authors contributed equally to this work.
3 To whom correspondence should be addressed. Tel.: 65-6516-5889; E-mail:

phscfi@nus.edu.sg.
4 The abbreviations used are: WAT, white adipose tissue; SVF, stromal vascular

fraction; iWAT, inguinal WAT; TNF, tumor necrosis factor; Q-PCR, quantita-
tive PCR; DAPI, 4�,6-diamidino-2-phenylindole; CL, CL316243; EdU, ethy-
nyl-deoxyuridine; ANOVA, analysis of variance; RT, room temperature.

croARTICLE

2034 J. Biol. Chem. (2020) 295(7) 2034 –2042

© 2020 Srivastava et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0002-0955-8807
https://orcid.org/0000-0002-3558-3424
https://www.jbc.org/cgi/content/full/AC119.011795/DC1
mailto:phscfi@nus.edu.sg
https://crossmark.crossref.org/dialog/?doi=10.1074/jbc.AC119.011795&domain=pdf&date_stamp=2020-1-9


In this study, we have used knockout mice lacking CD137 to
investigate possible functions of CD137 in the generation of beige
adipocytes and the emergence of thermogenic properties in iWAT
upon cold exposure. Contrary to what would have been expected
for a beige adipocyte marker, we found that loss of CD137
increased the number of beige cell precursors and enhanced the
expression of thermogenic markers and the size of UCP1-express-
ing cell clusters in iWAT of CD137 knockout mice exposed to
cold.

Results

Enhanced expression of thermogenic proteins in iWAT of
CD137 knockout mice after cold exposure

To investigate possible functions of CD137 in cold adapta-
tion and iWAT browning, cohorts of young adult (6- to 7-week-

old) WT and CD137 knockout male mice (C57/Bl6J back-
ground) were maintained on chow diet at room temperature
(22–23 °C) or exposed to cold (8 °C for 4 weeks). No differences
between genotypes could be detected in body weight or tissue
weight of iWAT or epididymal fat depots in mice kept at room
temperature or exposed to cold (Fig. 1, A–C). At room temper-
ature, iWAT of CD137 knockout mice showed a small but
detectable increase in the levels of expression of UCP1 mRNA
and protein compared with WT (Fig. 1, D and E). As expected,
cold exposure increased the expression of Ucp1 mRNA and
UCP1 protein in iWAT of WT mice, but did significantly more
so in CD137 knockout mice (Fig. 1, D and E), suggesting
enhanced cold response in iWAT of mice lacking CD137. Sim-
ilarly, the induction of thermogenic markers Cidea (cell death-
inducing DNA fragmentation factor �-like effector A) and

Figure 1. Enhanced expression of thermogenic proteins in iWAT of CD137 knockout mice after cold exposure. A, body weights of WT (open bars) and knockout
(solid bars) mouse cohorts kept at room temperature (RT) and after chronic (4-week) cold exposure. B and C, weights of inguinal (B) and epididymal (C) fat depots in WT
(open bars) and knockout (solid bars) mouse cohorts kept at RT and after chronic (4-week) cold exposure. D, expression of Ucp1 mRNA assessed by Q-PCR in iWAT of WT
and CD137 knockout mice housed at RT or at 8 °C for 4 weeks (cold). Results are expressed as average � S.E. of -fold change over WT at room temperature, n � 8 mice
per group. *, p � 0.05; **, p � 0.01; 2-way ANOVA. E, expression of UCP1 protein assessed by Western blotting in iWAT of WT and CD137 knockout mice housed at RT
or at 8 °C for 4 weeks (cold). Results are expressed as average � S.E. of -fold change over WT at room temperature, n � 8 mice per group. *, p � 0.05; **, p � 0.01; 2-way
ANOVA. Representative blots probed for UCP1 and GAPDH are show on the right-hand side. F and G, expression of Cidea (F) and Cox8B (G) mRNAs assessed by Q-PCR
in iWAT of WT (open bars) and CD137 knockout (solid bars) mice housed at RT or at 8 °C for 4 weeks (cold). Results are expressed as average � S.E. of -fold change over
WT at RT, n � 8 mice per group. *, p � 0.05; **, p � 0.01; 2-way ANOVA. H, mitochondrial content assessed by Q-PCR for the mitochondrial gene cytochrome B (CytB)
normalized to nuclear DNA in iWAT of WT (open bars) and CD137 knockout (solid bars) mice housed at RT or at 8 °C for 4 weeks (cold). Results are expressed as average�
S.E. of -fold change over WT at RT, n�6 mice per group. *, p�0.05. I to P, expression of Leptin (I), CD137 (J), CD137L (K), Ifn� (L), CD301 (M), CD206 (N), Ccl2 (O), and Resistin
(P) mRNAs assessed by Q-PCR in iWAT of WT (open bars) and CD137 knockout (solid bars) mice housed at RT or at 8 °C for 4 weeks (cold). Results are expressed as
average � S.E. of -fold change over WT at RT, n � 8 mice per group. *, p � 0.05; 2-way ANOVA. Q and R, expression of Ucp1, Dio2, Pgc1�, and Tfam mRNAs assessed by
Q-PCR in brown adipose tissue of WT and CD137 knockout mice housed at room temperature (A) or at 5 °C for 4 weeks (B). Results are expressed as average � S.E. of
-fold change over WT, n � 8 mice per group.
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Cox8B (cytochrome c oxidase subunit 8 –1) mRNAs was more
pronounced in iWAT of CD137 knockout mice after cold expo-
sure (Fig. 1, F and G). iWAT of cold-exposed CD137 knockout
mice also showed increased mitochondria content as assessed
by Q-PCR for the mitochondrial gene cytochrome B (Fig. 1H).
As expected, cold exposure reduced the levels of mRNA encod-
ing leptin, but there were no differences between genotypes
(Fig. 1I). Interestingly, cold exposure had no effect on the levels
of expression of mRNAs encoding CD137 or its ligand CD137L
(Fig. 1, J and K). CD137 mRNA could not be detected in iWAT
of the knockout mice (Fig. 1E). Given the established role of
CD137 as an immunomodulatory molecule, we investigated the
expression of a host of cell surface markers and cytokines asso-
ciated with different inflammatory and immune responses.
Although no significant changes between WT and knockout
mice were detected in iWAT of mice kept at room temperature,
the level of mRNA encoding IFN-� was reduced in iWAT of
CD137 knockout mice compared with WT after cold exposure
(Fig. 1L). In line with an altered balance of type 1/2 immune
responses, expression of mRNAs encoding markers of type 2
macrophages CD301 and CD206 was higher in iWAT of CD137
knockout mice compared with WT after cold exposure (Fig. 1,
M and N). No differences were detected between genotypes in
the levels of mRNAs encoding monocyte chemoattractant pro-
tein-1, encoded by the Ccl2 gene (Fig. 1O) or resistin, also
known as adipose tissue-specific secretory factor (Fig. 1P). No
differences between genotypes could be detected in the levels of
thermogenic markers in brown adipose tissue, either at room
temperature or after cold exposure (Fig. 1, Q and R).

CD137 knockout mice have expanded UCP1-expressing cell
clusters in iWAT after cold exposure and show enhanced resis-
tance to cold temperatures

Enhanced expression of UCP1 in iWAT of CD137 knockout
mice exposed to cold could be because of increased per cell
levels of UCP1 mRNA, and protein, or expanded numbers of
UCP1-expressing cells in the tissue. We investigated this by
performing immunohistochemistry for UCP1 in sections of
iWAT of WT and CD137 knockout mice after cold exposure.
We determined the compound area of UCP1-expressing cell
clusters relative to the total area of the tissue, assessed by DAPI
staining, in 10 sections throughout the whole iWAT depot of 8
mice per genotype (Fig. 2A). We found a significant (p � 0.023)
increase of 65% in the area occupied by UCP1-expressing cell
clusters in iWAT from CD137 knockout compared with WT
mice after cold exposure (Fig. 2B). No significant difference
could be detected in the mean pixel intensity of UCP1 labeling
between the two genotypes, suggesting that cold exposure
induced a larger expansion of UCP1-expressing cell clusters in
CD137 knockout mice compared with WT. Intriguingly, immu-
nofluorescence signal for CD137 expression was below detec-
tion levels iWAT cells, except in the lymph node, where expres-
sion was clearly visible (Fig. 2C, panels a–f). Sections through
iWAT of CD137 knockout animals confirmed that the lymph
node signal was specific (Fig. 2C, panels g–l). Given that CD137
knockout mice showed elevated levels of UCP1 expression even
when kept at room temperature, we investigated their ability to
maintain body temperature during acute cold exposure com-

pared with WT mice. We found a small but significant differ-
ence (�1 °C) in body temperature between genotypes (Fig. 2D),
suggesting that CD137 knockout mice are better adapted to
acute cold exposure than WT mice.

Enhanced response to �-adrenergic stimulation in cultured
beige adipocytes from CD137 knockout mice exposed to cold

The enhanced expansion of UCP1-expressing cell clusters in
iWAT of CD137 knockout mice after cold exposure prompted
us to investigate the differentiation properties of cells in the
SVF of iWAT derived from these mice compared with their WT
counterparts. First, we established cultures of SVF cells from
iWAT of WT mice kept at room temperature and tested con-
ditions known to favor either white or beige adipocyte differen-
tiation, following previously described protocols (e.g. (6, 13)).
Although both protocols induced the expression of adipocyte
markers such as mRNA encoding adiponectin (AdipoQ, Fig.
3A), only conditions known to favor development of beige adi-
pocytes resulted in significant expression of Ucp1 mRNA (Fig.
3B). The levels of AdipoQ and Ucp1 mRNAs detected in cul-
tures derived from iWAT lacking CD137 were similar to those
observed in WT cultures (Fig. 3, A and B). Expression of CD137
mRNA increased during SVF cell differentiation using either
protocol, although more so with conditions that favor the beige
phenotype (Fig. 3C). No detectable levels of CD137 mRNA
were seen in cultures derived from the SVF of CD137 knockout
mice (Fig. 3C). Expression of mRNA encoding CD137L also
increased during differentiation, although to a lesser extent
(Fig. 3D). In this case, we saw no apparent differences between
differentiation protocols or genotypes (Fig. 3D). Intriguingly,
and despite mRNA expression, the levels of CD137 protein
were below detection levels in cultured beige adipocytes or
iWAT SVF cells (Fig. 3E). On the other hand, CD137 could be
readily detected in spleen extracts or N2A cells stably trans-
fected with the CD137 expression plasmid (Fig. 3E). No signif-
icant difference was detected between genotypes in the struc-
ture or size of iWAT adipocytes, nor lipid content, as assessed
by Oil Red O staining (Fig. 3F).

Adrenergic stimulation induces UCP1 expression in cultured
adipocytes derived from iWAT (12). We examined this
response by treating cultures of mature (day 10) beige adi-
pocytes derived from either WT or knockout iWAT with the
adrenergic receptor �-3 agonist CL316243 (CL). Fig. 3, G and H
shows the levels of UCP1 mRNA and protein in cultures
derived from iWAT of mice that were kept at room tempera-
ture. CL treatment increased Ucp1 mRNA levels by �13-fold in
both WT and knockout cultures (Fig. 3E). UCP1 protein levels
were also increased by CL, but in this case the response was
significantly higher in the knockout cultures (Fig. 3F). Fig. 3, I
and J show responses to CL treatment in cultures derived from
mice that were exposed to cold, which stimulates expansion of
beige adipocytes and browning in iWAT. In this case, CL induc-
tion of both UCP1 mRNA and protein was significantly stron-
ger in cultures derived from knockout iWAT compared with
WT. Interestingly, the levels of UCP1 protein were also higher
in knockout cultures in the absence of CL stimulation (Fig. 3, H
and J). Treatment of beige adipocytes with cytokines associated
with inflammation, such as IL-1�, IL-4, and TNF�, significantly
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reduced Ucp1 mRNA levels (Fig. 3K), but dramatically
increased CD137 mRNA expression (Fig. 3L), suggesting con-
verse regulation of Ucp1 and CD137 expression during inflam-
mation. In contrast to its effects on UCP1 expression, CL had
no effect on the levels of CD137 mRNA in these cells (Fig. 3L).
Despite the strong induction of CD137 mRNA expression
observed pot stimulation with TNF�, protein levels of CD137
remained below detection levels (Fig. 3M).

Increased number of beige adipocyte precursors in iWAT
isolated from CD137 knockout mice after cold exposure

As indicated above, cold exposure induced a larger expan-
sion of UCP1-expressing cell clusters and enhanced respon-
siveness to adrenergic induction of UCP1 expression in WAT
from CD137 knockout mice compared with WT animals. Based
on these observations, we considered the possibility that cold
exposure produced a larger increase in the number of beige
adipocyte precursors in iWAT from knockout compared with
WT mice. To investigate this, we labeled proliferating precur-
sors in SVF derived from iWAT of mice that had been exposed
to cold with a pulse of ethynyl-deoxyuridine (EdU) and assessed
the extent to which these cells differentiated to UCP1-express-

ing beige adipocytes following 10 days incubation in differenti-
ation medium (Fig. 4A). We found no difference in the level of
EdU incorporation between the two genotypes (Fig. 4B), indi-
cating similar total numbers of precursor cells. However, the
proportion of EdU-positive cells that expressed UCP1 was
higher in the cultures derived from knockout iWAT compared
with WT (Fig. 4C). This result suggested that cold exposure
induced a larger expansion of beige adipocyte precursors in
iWAT of CD137 knockout mice compared with WT iWAT.

Discussion

This study represents the first investigation into the func-
tional importance of CD137, widely used as a marker for beige
adipocytes, for the browning of WAT and thermogenic
responses to cold exposure. Unexpectedly, we found that mice
lacking CD137 showed enhanced browning of iWAT when
exposed to cold compared with WT animals, as manifested by
increased expression of thermogenic markers, including UCP1,
expanded clusters of UCP1-expressing cells in iWAT, and
increased number of beige adipocyte precursors in iWAT SVF.
CD137 knockout mice were also more resistant to acute cold
exposure, perhaps because our room temperature conditions,

Figure 2. CD137 knockout mice have expanded UCP1-expressing cell clusters in iWAT after cold exposure and show enhanced resistance to cold
temperatures. A, immunohistochemistry analysis of UCP1 expression in sections of iWAT from WT and CD137 knockout mice after 4 weeks at 8 °C. Examples
from two different mice of each genotype are shown as composites of 15–20 images through the whole iWAT fat pad. Counterstaining with DAPI is shown on
the left. Scale bar, 2 mm. B, percentage of tissue area occupied by UCP1-positive cell clusters in iWAT from WT and CD137 knockout mice after 4 weeks at 8 °C.
Results are expressed as average � S.E., n � 8 mice per group. *, p � 0.023; Student’s t test. C, immunohistochemistry analysis of CD137 expression (red) in
sections of iWAT from 6-week-old cold-exposed WT and CD137 KO mice. DAPI counterstaining is shown in blue. Expression of CD137 could be detected in the
iWAT lymph node (high magnification insets) but remained at the background levels similar to KO iWAT, in the rest of the tissue, where adipocytes are located.
Size bars are indicated. D, body temperature of WT and CD137 knockout mice measured during 3-h exposure to 5 °C. Results are expressed as average � S.E.,
n � 8 mice per group. *, p � 0.05 KO versus WT; 2-way ANOVA.
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which are 7– 8 °C below the thermoneutral zone for mice, are
experienced as a mild cold stress by these animals. Together,
these data suggest that CD137 is a negative regulator of WAT
browning.

As CD137 knockout mice lack this receptor in all tissues
from birth, our present studies do not establish whether the
effects of CD137 on beige adipocyte generation and function
are cell-autonomous. As mentioned above, several earlier stud-

Figure 3. Enhanced response to �-adrenergic stimulation in cultured beige adipocytes from CD137 knockout mice after cold exposure. A and B,
expression of Adiponectin (A) and Ucp1 (B) mRNAs assessed by Q-PCR in cultures of WT iWAT SVF cells differentiated for 8 days into white (hatched bars) or beige
(open bars) adipocytes and CD137 knockout SVF cells differentiated to beige adipocytes (solid bars). Results are expressed in -fold change over beige WT as
average � S.E. of three independent experiments (n � 3) each performed in duplicate. C and D, expression of CD137 (C) and CD137L (D) mRNAs assessed by
Q-PCR in cultures of WT iWAT SVF cells differentiated for 4, 6, 8, or 10 days into white (hatched bars) or beige (open bars) adipocytes and CD137 knockout SVF
cells differentiated to beige adipocytes (solid bars). Results are expressed in -fold change over beige WT as average � S.E. of three independent experiments
(n � 3) each performed in duplicate. E, Western blot analysis of CD137 (molecular mass � 27kDa) expression in lysates of Neuro2A cells (N2A) stably transfected
with CD137 expression vector (�) or control vector (�), extracts from WT spleen, iWAT SVF, and mature adipocytes differentiated in vitro from iWAT SVF derived
from cold-exposed KO and WT mice. Loading control with GAPDH is shown in the lower panel. Expression of CD137 was detected in transfected N2A cells and
spleen, but not in iWAT samples. F, representative phase contrast micrograph of Oil Red O staining in cultures of iWAT beige adipocytes isolated from WT or
knockout mice after cold exposure. Scale bar, 20 �m. Histogram to the right shows quantification of Oil Red O staining in iWAT beige adipocytes isolated from
WT or knockout mice after cold exposure. Shown are averages � S.D. of triplicate measurements, normalized to the WT values. ns, not significantly different.
G and I, expression of Ucp1 mRNA assessed by Q-PCR in cultures of iWAT beige adipocytes treated for 6 h with vehicle (veh) or the �-3 adrenergic agonist CL
isolated from WT and knockout mice housed at room temperature (G) or for 4 weeks at 8 °C (I). Results are expressed in -fold change over WT (vehicle) as
average � S.E. of three independent experiments (n � 3) each performed in duplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.001; 2-way ANOVA. H and J, expression
of UCP1 protein assessed by Western blotting in cultures of iWAT beige adipocytes treated for 6 h with vehicle (veh) or the �-3 adrenergic agonist CL isolated
from WT and knockout mice housed at room temperature (H) or for 4 weeks at 8 °C (J). Results are expressed in -fold change over WT (vehicle) as average � S.E.
of three independent experiments (n � 3) each performed in duplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.001; 2-way ANOVA. Representative blots probed for
UCP1 and GAPDH are show in the right-hand side. K, expression of Ucp1 mRNA assessed by Q-PCR in cultures of iWAT beige adipocytes, isolated from WT or
knockout mice, treated for 6 h with vehicle (veh) or the �-3 adrenergic agonist CL after overnight treatment with the indicated cytokines. Results are expressed
in -fold change over WT (vehicle) as average � S.E. of three independent experiments (n � 3) each performed in duplicate. L, expression of CD137 mRNA
assessed by Q-PCR in cultures of iWAT beige adipocytes, isolated from WT mice, treated for 6 h with vehicle (veh) or the �-3 adrenergic agonist CL after
overnight treatment with the indicated cytokines. Results are expressed in -fold change over WT (vehicle) as average � S.E. of three independent experiments
(n � 3) each performed in duplicate. M, Western blot analysis of CD137 expression in lysates of in vitro differentiated adipocytes treated with TNF�, N2A cells
transfected with CD137 plasmid, and iWAT SVF from cold-exposed KO and WT mice. Loading control with GAPDH is shown in the lower panel.

CD137 regulates adipose tissue browning

2038 J. Biol. Chem. (2020) 295(7) 2034 –2042



ies have been unable to validate enrichment of CD137 in beige
adipocytes, or increased CD137 expression after cold exposure
or adrenergic stimulation, as it would be expected for a func-
tional marker of these cells (8, 11–13). In agreement with those
studies, we did not observe increased expression of either
mRNA encoding CD137 or its ligand upon cold exposure or
treatment of beige adipocyte cultures with the adrenergic
receptor �-3 agonist CL316243. Although our in vitro studies
indicated increased expression of CD137 mRNA during beige
adipocyte differentiation, CD137 protein levels remained
below detection in these cultures, even after strong induction
following TNF� treatment. Similar observations have been
made by other groups (13). We also note that immunoreactivity
for CD137 in iWAT sections from cold-exposed WT mice
remained at background levels, similar to those observed in KO
iWAT, although CD137 could be detected in the iWAT lymph
node of WT mice. In this regard, it should also be mentioned
that it is not uncommon for CD137 mRNA to be expressed in
the absence of its corresponding protein (20). Intriguingly,
inflammatory cytokines regulated the expression of Ucp1 and
CD137 mRNAs in opposite directions in cultures of beige adi-
pocytes, which also challenges the notion that CD137 mRNA
expression correlates with the beige adipocyte phenotype.
Additional studies using tissue-specific knockout of CD137 will
be required to clarify whether CD137 affects beige adipocytes
cell autonomously, or indirectly through other cellular compo-
nents, such as immune cells.

Cold exposure induced a larger expansion of beige adipocyte
clusters in iWAT of CD137 knockout mice, suggesting that
CD137 exerts a negative effect on the formation of beige adi-
pocytes induced by cold temperatures in vivo. These studies did
not address whether this expansion was because of enhanced
conversion of existing white adipocytes or de novo generation

from an increased pool of beige adipocyte precursors. On the
other hand, our studies in cultured SVF cells derived from
iWAT of cold exposed mice would appear to support the latter
possibility. The results suggested that CD137 exerts a negative
effect on cold-induced expansion of proliferative adipocyte
precursors that can be differentiated in vitro to beige adi-
pocytes, as assessed by UCP1 expression. We consider the pos-
sibility that CD137 negatively affects in vitro differentiation of
precursors to mature beige adipocytes as less likely, given that
expression of CD137 mRNA in these cultures only became
prominent in mature adipocytes, as well as our inability to
detect significant expression of CD137 protein in these cells (as
discussed above). It remains to be established whether this is
indeed the predominant mechanism mediating cold-induced
expansion of beige adipocytes in CD137 knockout mice in vivo.

The role of immune and inflammatory responses in brown-
ing of WAT is under intense investigation, with some studies
reporting positive effects of type 2 lymphoid cells on browning
(e.g. Ref. 14), and others describing negative effects of M2 type
macrophages (15). Contradicting reports have also left the role
of CD137 in adipose tissue inflammation unclear (16, 17). In
our studies, we found that iWAT of mice lacking CD137
exposed to cold showed reduced levels of mRNA encoding
IFN-�, a potent inducer of type 1 immune responses, including
M1 macrophages. In line with this, expression of mRNAs
encoding markers of M2 macrophages, such as CD301 and
CD206, were increased in iWAT of CD137 knockout compared
with WT mice. Together, these data suggest reduced inflamma-
tion, and a bias toward type 2 immune responses in iWAT of
cold-exposed mice lacking CD137, which is in agreement with
the established role of this receptor as a driver of type I, cell-
mediated immune responses (9). Additional studies will be

Figure 4. Increased number of beige adipocyte precursors in iWAT isolated from CD137 knockout mice after cold exposure. A, immunocytochemistry
analysis of UCP1 expression in cultures of iWAT beige adipocytes labeled with a pulse of EdU prior to differentiation isolated from WT and knockout mice
housed for 4 weeks at 8 °C. The panels show confocal images of DAPI, EdU, UCP1, and merged EdU/UCP1 labeling. Scale bar, 25 �m. B, percentage of
EdU-positive cells among all cells labeled with DAPI in cultured iWAT beige adipocytes from WT and knockout mice housed for 4 weeks at 8 °C. Results are
expressed as average � S.E. of three independent experiments (n � 3) each performed in duplicate. C, percentage of UCP1-positive cells among all cells labeled
with EdU in cultured iWAT beige adipocytes from WT and knockout mice housed for 4 weeks at 8 °C. Results are expressed as average � S.E. of three
independent experiments (n � 3) each performed in duplicate. *, p � 0.05; Student’s t test.
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required to address whether these changes contribute to
enhanced browning of iWAT in the knockout mice.

In summary, the results of the present study reveal an unex-
pected role of the immunoregulatory receptor CD137 as nega-
tive modulator of WAT browning during cold exposure.
Although the specific molecular mechanisms by which CD137
exerts these effects remain to be elucidated, our results favor an
indirect, non– cell-autonomous role of CD137 in browning of
white adipose tissue, possibly through regulation of pro-inflam-
matory cytokines and other molecules in immune cells, which
in turn exert a negative effect on the expansion of beige adi-
pocyte precursors during cold exposure. Our observations
challenge the utility of CD137 as a functional marker for beige
adipocytes and warrant future studies on the mechanisms by
which CD137 affects the formation and function of beige
adipocytes.

Experimental procedures

Animals

Mice were housed in a 12-h light– dark cycle and fed ad libi-
tum on a standard chow diet. WT and CD137KO (21) male
age-matched mice in C57/BL6J background were used for all
the experiments. All animal procedures were approved by the
National University of Singapore Institutional Animal Care and
Use Committee.

Cold exposure

For cold exposure, animals were housed in a Memmert
HPP750 climate chamber (Memmert GmbH, Germany) at the
indicated temperatures. For chronic cold exposure, mice were
first acclimatized to 16 °C in individual cages for 1 week. The
chamber was then brought to 8 °C for additional 4 weeks. For
acute cold exposure, mice were kept in individual cages for a
period of 5 h at 5 °C. Rectal temperature was measured every
hour using rectal temperature probe and animal temperature
controller (World Precision Instruments, Sarasota, FL).

Tissue preparation and fluorescence immunohistochemistry

Mice were sacrificed under isoflurane anesthesia and adipose
tissues were collected for further analysis. Immunohistochem-
istry was performed on paraffin-embedded sections of subcu-
taneous tissue. The tissue was collected and fixed in 4% para-
formaldehyde for 48 h at 4 °C, washed with 70% ethanol,
dehydrated in a series of graded ethanol and cleared in xylene.
Tissues were then infiltrated with three changes of paraffin wax
and finally embedded. The paraffin blocks were cut to obtain
5-�m thin sections in a microtome (Leica Microsystems, Buf-
falo Grove, IL) and placed over glass slides. For immuno-
staining, sections mounted on glass slides were deparaffinized
in xylene and ethanol and rehydrated in water. Antigen
retrieval was performed in sodium citrate buffer (10 mM

sodium citrate, 0.05% Tween 20, pH � 6.0). The sections were
washed in TNT buffer (100 mM Tris-HCl, 0.15 M NaCl, and
0.3% Triton X) and quenched for endogenous peroxidase in 3%
H2O2 in water for 15 min. The sections were then washed three
times with TNT buffer and blocked in goat serum as per
instruction provided in the kit (Vectastain Elite ABC HRP kit,

cat. no. PK-6101). Sections were then incubated overnight at
4 °C with primary antibody diluted in blocking buffer. A list of
specific primary antibodies is provided in Table S2. The sec-
tions were further incubated with secondary antibody and ABC
reagent as per instruction provided in the kit (Vectastain Elite
ABC HRP kit, cat no. PK-6101). The immunostaining was
developed with Alexa Fluor 594 Tyramide Superboost kit
(Invitrogen, cat no. B40944) as per instructions provided by
manufacturer, and images were captured in a confocal micro-
scope (Leica Microsystems, Buffalo Grove, IL) using constant
conditions for all sections and genotypes.

Primary culture of beige adipocytes

Inguinal adipose tissue was collected in Hanks’ Balanced Salt
Solution and digested with collagenase type I (Sigma) for 45
min at 37 °C with constant shaking. At the end of the digestion,
Ham’s F-12 Medium (Gibco) containing 5% FBS was added to
stop the digestion. The digested tissue was passed through a
100-�m nylon filter to remove debris and clumps, then washed
with complete medium (10% FBS, DMEM, glutamate, and pen-
icillin-streptomycin mix) and collected by gentle centrifugation
at RT. Cell pellets were resuspended in erythrocyte lysis buffer
(155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and incubated
for 3 min at 37 °C, then filtered through a 20-�m nylon filter.
The cells (SVF) were further washed two times with complete
medium, plated onto laminin (Sigma) coated glass coverslips,
and kept in a humidified 5% CO2 incubator at 37 °C. On the
next day, the cells were supplied with fresh medium and
allowed to expand in complete medium for another 3 days. For
differentiation into beige adipocytes, equal numbers of cells
were plated in 24-well culture plates and incubated in differen-
tiation medium (Ham’s F12 with 10% FBS, 1 �M rosiglitazone, 1
nM T3, 10 �g/ml insulin, 1 �M dexamethasone, and 0.5 mM

IBMX). After 2 days, the cells were maintained in a Ham’s F-12
medium containing 10% FBS, rosiglitazone, T3, and insulin (no
dexamethasone or IBMX) for additional 4 – 8 days as indicated.
CL316243 was used at 1 �M for 6 h for studies of mRNA and for
24 h for analysis of UCP1 protein by immunoblotting.

Immunocytochemistry and EdU incorporation

Adipocytes cultured on coverslips were briefly washed in
PBS, fixed for 15 min in 4% formaldehyde solution (Sigma-
Aldrich) and blocked in PBS containing 0.2% gelatin and 0.25%
Triton X-100. Fixed cells were then incubated overnight at 4 °C
with the appropriate antibodies as listed in Table S2, followed
by incubation in fluorophore-conjugated secondary antibodies.
Coverslips were mounted onto microscopy slides using Fluoro-
mount-G (SouthernBiotech). Confocal laser scanning micros-
copy was performed on a Leica SP8 microscope. For EdU
labeling, plated SVF cells were incubated with 2.5 �M EdU
(Sigma-Aldrich) for 1 h on the last day of expansion, then
switched to differentiation medium and maintenance medium
as indicated above. EdU was visualized by Click-chemistry fol-
lowing manufacturer’s instructions (Invitrogen).

Image analysis

For each mouse, 10 sections through the iWAT depot 200
�m apart were quantified. ImageJ software was used to quantify
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positive signal area for UCP1 using a constant threshold for all
the sections, determined from sections in which the primary
antibody had been omitted. The area occupied by the tissue was
delineated and measured on the DAPI images. Area occupied
by UCP1 cell clusters relative to total tissue area (from DAPI
staining) was calculated for each section. The procedure was
repeated for all eight mice in each genotype and the mean
value � S.E. was then calculated. ImageJ software was also used
to quantify Edu/DAPI and EdU/UCP1 double-labeled cells in
cultures of beige adipocytes, using constant conditions and
threshold for all the coverslips. Three different fields per cov-
erslip were quantified in two independent wells. The same pro-
cedure was applied to two additional experiments and the mean
values � S.E. of Edu/DAPI and UCP1/EdU percentages were
calculated.

Quantitative real-time PCR (Q-PCR)

Total RNA was extracted from tissues using TRIzol (Invitro-
gen, cat. no. 15596026) and further purified by using RNeasy kit
(Qiagen cat. no. 74106). cDNA was synthesized from total RNA
using high-capacity cDNA reverse transcription kit (Applied
Biosystems, cat. no. 4390778) as per instruction provided in the
kit. Q-PCR was run as a 20-�l reaction mixture using SYBR
Select Master Mix (Thermo Fisher Scientific cat. no. 4472919)
and primers as described in Table S1. The mRNA level was
calculated by comparative Ct method normalized to TATA-
binding protein (Tbp) mRNA. For quantification of mitochon-
dria DNA, total tissue DNA was extracted with a DNeasy kit
and used for real-time quantitative PCR using primers for the
mitochondrial gene CytB, encoding cytochrome B (18).

Western blotting

Tissues were homogenized in 1 ml TRIzol (Invitrogen cat.
no. 15596026) and centrifuged at 21,000 	 g for 15 min at 4 °C.
The supernatant was collected and added with 200 �l of chloro-
form in fresh tubes. The tubes were vortexed rigorously and incu-
bated at ice for 10 min followed by centrifugation at 21,000 	 g.
The upper aqueous phase was collected for RNA extraction and
lower organic phase was collected for protein extraction as per
instructions provided in the manual. In brief, ethanol was
added, and DNA pallet was removed. Isopropanol was added to
the collected supernatant and incubated at ice for 10 min. The
samples were then centrifuged and protein pellets were washed
three times with guanidinium chloride (0.3 M in 95% ethanol).
The pellets were then washed in 100% ethanol, air dried, and
dissolved in sample buffer. Equal amount of proteins as esti-
mated by Pierce 660 nm protein assay reagent (Thermo Fisher
Scientific cat. no. 22660) were separated by SDS-PAGE and
transferred onto PVDF membrane (GE Healthcare cat. no.
10600021). Membranes were blocked with 5% milk in TBS with
0.1% Tween 20 (TBST) and incubated overnight with primary
antibodies as indicated in Table S2. The blots were washed
three times with TBST for 10 min each and incubated further
with anti-rabbit HRP conjugated antibody (Cell Signaling
Technology cat. no. 7074) diluted 1:2000 in blocking solution
and incubated for 1 h at RT. Blots were then washed three times
with TBST, and the signals were developed with SuperSignal
West Femto maximum sensitivity substrate (Thermo Fisher

Scientific cat. no. 34095) and exposed to X-ray film for further
quantification. The bands were analyzed by ImageJ software
(National Institutes of Health). GAPDH was used as reference
protein for normalization.

Statistical analysis

Statistical analyses were performed using Prism 5 software
(GraphPad, SPSS IBM Corporation) and Microsoft Excel.
Results are presented as mean � S.E. of the mean. Student’s t
test, one-way ANOVA or two-way ANOVA were performed to
test statistical significance according the requirements of the
experiment. Statistical significance: *, p � 0.05; **, p � 0.01; and
***, p � 0.001.
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